repeats that expand on transmission through the paternal germline to 36 CAGs or greater. Using single sperm analysis, we have assessed CAG mutation frequencies for four IAs in families with sporadic HD (IA NM ) and IAs ascertained from the general population (IA GP ) by analyzing 1161 single sperm from three persons. We show that IA NM are more unstable than IA-GP with identical size and sequence. Furthermore, comparison of different sized IAs and IAs with different sequences between the CAG and the adjacent CCG tracts indicates that DNA sequence is a major influence on CAG stability. These studies provide estimates of the likelihood of expansion of IA NM and IA GP to ≥36 CAG repeats for these individuals. For an IA with a CAG of 35 in this family with sporadic HD, the likelihood for siblings to inherit a recurrent mutation ≥36 CAG is ∼10%. For IA GP of a similar size, the risk of inheriting an expanded allele of ≥36 CAG through the paternal germline is ∼6%. These risk estimates are higher than previously reported and provide additional information for counselling in these families. Further studies on persons with IAs will be needed to determine whether these results can be generalized to other families.
INTRODUCTION
Huntington disease (HD), a hereditary progressive neurodegenerative disease, is caused by expansion of a CAG trinucleotide in a novel gene located on chromosome 4p16.3 (1) . The gene for HD is one of five neurodegenerative disorders caused by amplification of a CAG trinucleotide repeat in the coding region of the gene (2) . All new mutations for HD have been shown to arise from IAs containing between 29 and 35 CAG repeats (3) (4) (5) . These CAG repeats expand on transmission through the paternal germline to 36 or more repeats. Intermediate alleles (IAs) are present on ∼1% of normal chromosomes of Caucasian descent (5) . Affected individuals have an expanded allele of between 36-121 CAGs but incomplete penetrance has been shown for repeat lengths of 36-40 CAGs (6) (7) (8) .
In an effort to gather information on the likelihood of recurrence of expansion of IAs in families with sporadic cases of HD as well as of IAs in the general population, we performed family analyses and directly compared CAG changes during transmission from parent to child in these families (5) . We found that the IAs in families with sporadic cases were more unstable than IAs in the general population. However, this study was hampered by the small number of meioses examined (31 from *To whom correspondence should be addressed families with sporadic HD and 62 in the general population). In view of the sample size, the estimate of stability of IAs in these situations could be inaccurate.
Single sperm analyses of trinucleotide repeats on affected chromosomes (9) as well as studies of affected families (10) have revealed that an increase in CAG repeat size is associated with marked elevation in the frequency of expansion. Therefore, CAG size alone represents a major contributor towards the likelihood of CAG expansion on HD chromosomes.
The sequence of the 12 bp segment between the (CAG) n and adjacent (CCG) n tracts in the HD gene may also significantly contribute to instability of the CAG repeats (5) . The wild-type sequence is: (CAG) n CAA CAG CCG CCA (CCG) n . Change of the CAA to CAG and CCA to CCG leading to longer CAG and CCG tracts with no interruptions between them ( Fig. 1) , has been reported previously in one family with HD (5) . Loss of the CAA and CCA interruption resulting in a perfect CAG repeat and CCG repeat are infrequent in HD, in contrast to spinocerebellar ataxia type I (SCA-1) where loss of interruption of the CAG repeat is seen on all affected alleles, and is a major determinant of instability on SCA-1 chromosomes (11, 12) . Loss of interrupting AGG trinucleotides within the CCG repeat of the FMR-I gene has also been shown to promote instability on fragile X chromosomes (13) .
Single sperm analysis represents an important step forward in having the appropriate number of meioses to assess the range of changes in CAG size in persons with different sized IAs. Furthermore, single sperm analysis facilitates quantification of CAG mutation frequency and allows direct comparison of the role of both size and sequence changes on the likelihood of intergenerational change in the HD CAG repeat size.
In an effort to address these questions, we have collected sperm from persons from families with new mutations for HD and, in addition, specifically sought sperm from persons in the general population with equivalent sized IAs. Here we present the results of single sperm analyses of four different alleles. We have first assessed the mutation frequency in two IAs of the same size with wild-type sequence between the CAG and CCG repeat, one of which comes from a person in a family with sporadic HD, and the other ascertained from the general population. In addition, we have analyzed two alleles with the same sequence changes, one derived from an HD new mutation family and the other derived from the general population. These results confirm prior studies and show that IAs from HD new mutation families (IA NM ) do indeed show a significantly higher CAG mutation frequency than IAs from the general population (IA GP ) with identical CAG sizes and sequence between the CAG and CCG repeats. Furthermore, we show that the IAs with changes in the sequence between the CAG and CCG repeats are significantly more unstable than those with the wild-type sequence and similar or greater CAG size.
These studies represent the first study of single sperm from persons with IAs (CAG 29-35) and provide more accurate estimates of the likelihood of expansion to ≥36 CAGs of an IA NM compared with an IA GP in these families. These results also provide further insights on the crucial role of DNA sequence for the stability of the CAG repeat and show that the sequence between the CAG and CCG repeat in the HD gene may be an important influence on CAG stability.
RESULTS

Mutation frequency of IAs derived from new mutation families-effect of CAG repeat length and sequence
Single sperm with IAs known to undergo mutation to ≥36 CAGs and manifest with the clinical symptoms of HD (IA NM34(36) and IA NM35 ) were analyzed (Table 1) . By convention with primers used in predictive testing which only encompass the pure CAG tract and overlaps neighboring sequence including the CAA CAG repeat (10) . In individual #2, the new mutation IA has 34 CAG and the IA from the general population has 31 CAG. However, mutations in the sequence between the CAG and CCG tract have effectively resulted in a pure tract of 36 CAGs (IA NM34(36) ) and 33 CAGs (IA GP31(33) ) respectively, in this person (Fig. 1) .
For both new mutation IAs, similar proportions of sperm showed expansions of the CAG repeat to ≥36 CAGs (Tables 1 and  2 ; Fig. 2a and b) . In contrast, there were marked differences in the stability of these IAs in sperm. For example, 63.8% (134/210) of the IA NM35 sperm showed no change in CAG size (compared with lymphocyte CAG size), whereas only 38.4% (56/146) of the IA NM34(36) sperm were stable (P <10 -6 ). Importantly, the difference between IA NM35 and IA NM34(36) is also reflected in the percentage of sperm that show expanded CAGs [20.5% (43/210) versus 39.7% (58/146)] respectively (P = 0.0001) ( Tables 1 and 2) .
DNA haplotype analyses (Tables 1 and 3 ) revealed no differences between IA NM34(36) and IA NM35 at two intragenic trinucleotide polymorphisms, the CCG n immediately downstream of the CAG repeat (14) and the GAG polymorphism at residue 2642 (15) . DNA sequence analysis, however, revealed significant differences. IA NM34(36) is from a large family where loss of the CAA and CCA interruptions between the CAG and CCG repeat tracts was demonstrated previously (5) . The IA NM in this family was cloned and sequenced eight times in three different individuals, and in all instances confirmed the loss of the CAA and CCA interruptions. This suggests that loss of the CAA and CCA interruptions was the major factor in the greater instability of IA NM34(36) compared with IA NM35 , although both IAs are of similar size. a This represents the number of pure CAGs or CCGs according to the sequence which is increased by two due to a DNA change in the penultimate CAA or CCA (see Fig. 1 ).
Mutation frequency of IAs in the general population (IA GP )-effect of repeat length and sequence
Two IA GP derived from chromosomes in the general population, i.e. which have not been shown to expand to 36 CAGs or greater, were analyzed. These IAs (IA GP31(33) and IA GP35 ) have CAG sizes in lymphocytes of 31 and 35 respectively. For IA GP35 , 152 of 199 sperm (76.4%) showed no change from the lymphocyte CAG size while 25 sperm (12.6%) had an expanded CAG size and 22 sperm (11%) showed a contraction ( Fig. 3a and b) . Surprisingly, IA GP31(33) was less stable than IA GP35 (46.9% versus 76.4% unchanged from lymphocyte CAG sizes; P <10 -6 ), and displayed a higher frequency of expansions (36.1% versus 12.6%; P <10 -6 ) ( Tables 1 and 2 ; Fig. 3a and b) . Sequence analysis revealed that, as with IA NM34(36) , IA GP31(33) lacks CAA and CCA interruptions between the CAG and CCG tracts. This IA GP was sequenced eight times, using DNA from six different family members and all showed the same uninterrupted CAG and CCG tracts. This strongly suggests that, for this IA GP , loss of the CAA and CCA interruptions results in greater liability to expansion than increased CAG size. The instability of IA GP31(33) was also reflected by pedigree analysis, where four siblings of this individual inherited the same IA from their mother but with a repeat size of 30.
The significance of loss of interruptions for allele instability is highlighted further by the observation that IA GP31(33) , although from the general population and thus not known to lead to new mutations for HD, is also even more unstable than IA NM35 which has been associated with new mutations for HD (36.1% versus 20.5% of sperm demonstrating expansions; P = 0.0009) ( Tables  1 and 2 ).
IA NM is more unstable than IA GP of identical size and sequence
A comparison of the mutation frequency in sperm with IAs of same size and sequence derived either from sporadic HD families (IA NM35 ) or from the general population (IA GP35 ) reveals that IA GP35 is significantly more stable than IA NM35 (76.4% versus 63.8% unchanged; P = 0.008) ( Tables 1 and 2 ). This data confirmed the result of a prior analysis using a much smaller number of meioses from family studies (5) . The number of expansions was higher for IA NM35 (P = 0.04), again suggesting that IAs in families with sporadic HD have increased rates of expansion compared with similar sized IAs in the general population. Sequence analyses of IA NM35 and IA GP35 revealed identical sequences of (CAG) 35 (Figs 2a and 3a) .
DNA haplotype analysis
The increased instability seen in IA NM35 compared with IA GP35 , both of which have the same CAG size and sequence between the CAG and CCG tracts, suggests that other factors acting in cis might be responsible for the greater instability of IA NM35 . Haplotype analysis of the (CCG) n and ∆2642 glutamic acid loci showed that the two IAs differ at the ∆2642 locus (Table 1 ). In addition, haplotype analysis of 13 IAs from new mutation families revealed that IA NM chromosomes have a significantly higher frequency of the glutamic acid ∆2642 deletion (B-allele), compared with control chromosomes (Table 3) . As expected, the B-allele is also over-represented on HD chromosomes, supporting the notion that other factors acting in cis may mediate instability and expansion of the HD CAG repeat on these chromosomes.
Mutation frequency of normal alleles (<29 CAG repeats)
A total of 459 sperm, containing normal alleles of identical size (19 CAGs in lymphocytes) from two unrelated individuals (IA NM35 and IA GP35 ), were analyzed ( Table 1 ). The vast majority of these meioses were stable (95.3 and 98.0% respectively). The normal allele of IA NM35 showed expansion in 2/215 sperm (0.9%) of 3-6 repeats and contractions in 8/215 sperm (3.7% range 1-7 repeats) (Fig. 2a) . The normal allele of IA GP35 contracted in 3/244 sperm (1.2%) and expanded in 2/244 sperm (0.8%) (Fig. 3a) . These expansion mutation frequencies are similar to that previously reported for intergenerational CAG expansions in parent-child pairs (3/440 or 0.68%). However, analysis of family data has not previously documented contractions of normal alleles (10) , and the basis for contractions in these two particular alleles is unknown.
DISCUSSION
Single sperm analysis provides a unique opportunity for determining mutation frequencies of the CAG repeat in the HD gene. In this study, we have analyzed single sperm carrying both IAs which are known to have expanded to ≥36 CAGs and result in a sporadic case of HD (IA NM ), and IAs derived from the general population (IA GP35 ). We identified three informative persons for this study, matching as well as contrasting persons with IAs from new mutation families with IAs derived from the general population. This provides us with new insights concerning the likelihood of expansion to 36 CAGs or greater in both these situations. We have reported previously, based on analysis of 22 meioses in families with sporadic HD, that the likelihood of expansion to ≥36 CAGs is ∼4.5% per meiosis and we proposed that at present, for genetic counselling purposes, the appropriate risk of inheriting a CAG repeat length ≥36 CAGs for a sibling of a sporadic case could be ∼2.25% (5). However, this present study suggests that the risk estimates need to take into account both the size and the sequence of the IA.
Analysis of 210 sperm with IA NM35 , which has a CAG size of 35 and regular DNA sequence with interruptions between the CAG and the CCG tracts, revealed that ∼20% of sperm had expanded to 36 CAGs or greater. Therefore, for offspring of this male, the likelihood of inheriting an expansion mutation would be as high as 10%, assuming no deleterious effect on the capacity of such sperm for fertilization. CAG size plays a major role in determining the likelihood of expansion to ≥36 CAGs. IAs of a smaller CAG size but similar sequence would be expected to have a lower frequency of expansion to ≥36 CAGs. Clearly, additional allele-specific information from single sperm analyses in different families is needed to determine whether risk estimates from these studies can be generalized to other families.
Our results also suggest that the sequence between the CAG and CCG repeat may play a critical role in determining stability of the CAG repeat. Both IA NM34(36) and IA GP31(33) show conversion of the CAA and the CCA trinucleotides between the CAG and CCG repeats to a CAG and a CCG respectively, thus resulting in a pure CAG and CCG tracts of larger size. Comparison of IA NM35 , which has the CAA and CCA interruptions, and IA NM34(36) indicates that IA NM34(36) was less stable (38.4% versus 63.8% unchanged in size) and had a higher proportion of expansions (39.7% versus 20.5%).
A more dramatic indication of the influence of the sequence between the CAG and CCG tracts on instability is provided by comparison of IA GP31(33) , which has uninterrupted CAG and CCG tracts, with IA GP35 , which has the CAA and CCA interruptions between the two tracts. IA GP31(33) , despite a smaller CAG size, had a significantly greater percentage of expansions compared with IA GP35 (36.1% versus 12.6%) and was less stable (46.9% versus 76.4% unchanged in size; P >10 -6 ). This clearly indicates that an uninterrupted sequence between the CAG and CCG tract has a major influence, greater than CAG size, on increasing the intergenerational stability of these CAGs.
However, it should be noted that loss of the CAA and CCA interruptions on new mutation IA chromosomes is not common. It has occurred in only one of 12 IA NM that we have sequenced. Nonetheless, to provide the most accurate estimate of the likelihood of expansion for IAs, sequencing of the CAG and the CCG tracts would provide important additional information for risk assessment.
IAs are relatively frequent in the general population. One large world-wide study of CAG sizes on 2400 normal chromosomes determined the frequency of IAs (29-35 CAGs) to be 0.93% (5) . This is equivalent to 1.9% of the general population carrying an HD gene with a CAG repeat size in the IA range. An important question in this situation is whether this particular finding has any clinical relevance in terms of risk to HD offspring. We previously have studied the susceptibility of these IA GP to expand to ≥36 CAGs (5). In that study, the 62 meioses that were assessed showed no expansions to 36 CAGs or greater. The conclusion from that small series was that for persons in the general population found to have IAs, the risk of inheriting a repeat size ≥36 CAGs in offspring was negligible.
This study provides a more quantitative risk assessment for an IA GP with a CAG size close to 36 CAGs. For this IA GP of 35 CAGs in this family, the likelihood of expansion to ≥36 CAGs is expected to be ∼12.6%, with a corresponding 6% risk of transmission to offspring. Incomplete penetrance for HD has been described for individuals with 36-40 CAGs (7) and, therefore, the risk of developing signs and symptoms of HD with an expanded allele in this range is not clear. It is important, however, to note that this information only applies to offspring of fathers with IAs, and that there is very little information concerning offspring of mothers with IAs. What is clear is that the likelihood of expansion from female meiosis is less. In our previous study which analyzed 36 maternal meioses in the general population, 2/36 (5.6%) meioses were unstable (+1 CAG and -2 CAGs) while 3/26 (11.5%) paternal meioses in the general population were unstable (±1 CAG) (5) . None of these expansions were up to 36 CAGs or greater. In addition, studies of 18 families with new mutations resulting in HD reveal no instance of a new mutation arising from IAs of mothers (4, 5, (16) (17) (18) (19) (20) . More detailed family studies of mothers with IAs in the general population will have to be conducted in an effort to reach more precise estimates. Furthermore, the risk estimates for expansion to 36 CAGs or greater provided for IA GP35 as well as for IA NM35 might be influenced by possible PCR artifacts which may particularly cause changes of one repeat. Although we considered errors due to PCR artifacts similar for all IAs in the study, the probability of expansion to ≥36 CAGs due to artifacts is higher for a larger repeat size. Risk estimates for IA GP35 and IA NM35 may, therefore, be somewhat lower than 6 and 10% respectively.
These findings also provide further support for a model of expansion based on DNA structure. The fact that new mutations for HD derive from chromosomes with an intermediate size of the CAG repeat and not from chromosomes with smaller CAG size suggests that length dependence is critical in influencing the likelihood of instability. If polymerase slippage were the major contributor to CAG instability, however, we would expect an equal number of expansion and contraction events. However, as demonstrated in previous studies of HD families (10) , and in this and another study of single sperm from families with HD (9), the number of mutations associated with expansion is significantly greater than that associated with contractions. Furthermore, as previously pointed out, slippage alone would not explain the protective effect of sequence interruption in the HD gene as seen in this study (21) .
A model for instability that includes DNA structure as a critical element in the mechanism for expansion is the hypothesis that the CAG trinucleotides are capable of forming hairpin structures of high stability (22) . A change in DNA sequence causes a shift in the threshold energy necessary to form hairpin structures which has the effect of increasing the likelihood of expansion. Furthermore, the threshold for this instability may also be crossed by increasing the CAG copy number, which again provides some explanation for the increased instability of IAs as CAG size increases (3, 22) .
However, clearly CAG size and DNA sequence between the CAG and CCG tract do not explain completely the different mutation frequencies on different chromosomes. This point is highlighted in the comparison of the levels of instability of the 35 CAG tract of an IA associated with sporadic HD (IA NM35 ) with that of an IA ascertained through the general population (IA GP35 ). Here two IAs of the same size and sequence have significantly different likelihoods of instability, with IA NM35 demonstrating significantly increased likelihood for expansion. This provides additional support for the hypothesis that a cis-acting sequence (or sequences) in the vicinity of the CAG repeat also may contribute to DNA structure and thus influence the likelihood of expansion. Furthermore, other factors which might influence the likelihood of CAG instability, such as the timing of initial instability in the germline, have not been assessed in this study. The hypothesis of cis-acting factors influencing the likelihood of expansion is strengthened further by the observation of an over-representation of the B-allele of the ∆ glutamic acid polymorphism at residue 2642 on new mutation chromosomes as well as on HD chromosomes compared with controls (Table 3) . Further studies are needed to define these cis-acting sequences to allow a more comprehensive understanding of mechanisms influencing instability of the HD CAG repeat.
MATERIALS AND METHODS
Sperm collection
Sperm samples were collected from three unaffected and unrelated individuals carrying four IAs. Individual #1, 51 years of age, has a paternally derived IA of 35 CAG (IA NM35 ) which has led to a new mutation for HD in his sibling. He has wild-type sequence between the CAG and CCG repeat.
Individual #2, 53 years of age, has two IAs, one allele of 34 CAG (IA NM34(36) ) derived from the unaffected father which has given rise to HD in two siblings and one allele of 31 CAG (IA GP31(33) ) maternally derived from the general population. This IA GP allele was found by chance in this family and has not been associated with expansion to 36 CAGs or greater. We have explored further the mother's family and found a similar sized IA in one of her siblings. Both the IA NM34(36) and the IA GP31(33) in individual #2 have changes in the sequence between the CAG and CCG tracts. These sequence changes have occurred independently as they are each present in unrelated family members in different sides of the family. By convention using primers as described for predictive testing (10), these persons would be recognized as having CAG 34 and 31 on the IA NM and IA GP respectively. However, sequence analysis reveals that, in both instances, these changes have effectively added two CAGs to the prior assessment of CAG size for these two alleles. These alleles were included in the study of Goldberg et al. (5) as 33 CAG and 30 CAG. Later, repeat analysis of this individual revealed that the CAG length had been underestimated by one CAG repeat when compared against CAG repeat tracts of known DNA sequence. Therefore, the correct CAG size based on PCR analysis is 34 and 31 CAG.
Individual #3, 48 years of age, has an IA of 35 CAG (IA GP35 ) derived from the general population with wild-type sequence between the CAG and CCG tract.
Sperm samples were washed three times in phosphate-buffer saline (PBS), frozen in 4% dimethylsulphoxide (DMSO) and stored at -70_C.
Single sperm isolation and preparation
Single sperm cells were deposited in 96-well PCR trays by cell sorting. Before separation in the flow cytometer, the sperm was stained with the DNA dye Hoechst 33258 (Sigma St. Louis, MO). Frozen sperm samples were thawed at room temperature and diluted 1:2 with Dulbecco's PBS (pH 7.1). An aliquot of 1 µl of Hoechst solution (200 µg/ml) was added for each 100 µl volume of diluted sperm sample. Typically, 300 µl of sperm sample was more than enough to adjust the instrument and put single sperm into each well of ten 96-well V-bottom PCR plates. Stained samples were incubated for 1 h at 4_C to allow for dye uptake by the cells.
The sperm was separated with a modular flow sorter (23, 24) . This instrument is equipped with an XY-stepper table that positions the 96-well trays under the sort stream. The sort-electronics puts one cell in a well and then signals the table to proceed to the next position. The table signals when the new position has been reached. This cycle is repeated until all wells are filled. For these experiments, an Argon-ion single laser was tuned to all lines UV (∼364 nm) at 110 mW. Hoechst fluorescence was detected with a photo-multiplier shielded with a 425 nm long-pass glass absorption filter (Schott) and a 2.5 neutral density filter.
The flow sorter was calibrated with YG fluorescent beads (Polysciences Inc., Warrington, PA). A test target was placed on the stepper table. The stepper table was adjusted so that deflected drops landed exactly at the center of the target circles. After this alignment, the system was checked again by sorting beads into a 96-well V-bottom PCR tray. The tray was inspected with a fluorescent microscope to assure that the beads fell in the tip of the conical tray wells. Only if >90% of the wells had a bead at the very tip, would a sperm sort be performed. After the experiment, the alignment of the instrument was tested in the same manner to assure that the alignment had not drifted during the experiment.
The PCR plates were irradiated with UV light (Stratagene) shortly before each sort. Single sperm were sorted into individual wells containing 5 µl of lysis buffer as described (9) .
After sorting, wells were overlayered with 20 µl of liquid wax (Chill-out 14, MJ Research, Inc.). The PCR plates were then incubated at 65_C for 20 min to lyse the cells and cooled at room temperature for 5 min before adding 5 µl of neutralization buffer as described (9) . The plates were then stored at -20_C until DNA analysis.
Single sperm analysis
A nested PCR strategy was employed to amplify the HD gene CAG and CCG tracts from single sperm. This allowed us to distinguish the two different IAs in individual #2 as the IA NM34(36) allele had seven CCGs and the IA GP31(33) was associated with 10 CCGs. Allele sizes were determined by size comparison with CAG repeats of known sequences since commercially available sequence ladders are unreliable and can lead to incorrect assessment of CAG size (data not shown).
The primer pair HD319F (GCGACCCTGGAAAAGCTGAT-GA) and HD512R (TGAGGCAGCAGCGGCTGT) were used in the first round of amplification. Reactions were performed in a final volume of 50 µl, each containing 1× exo(-) Pfu polymerase buffer [20 mM Tris-HCl (pH 8.75), 10 µM KCl, 10 mM (NH 4 ) 2 SO 4 , 2 mM MgSO 4 , 0.1% Triton X-100, 0.1 mg/ml bovine serum albumin (BSA)], 0.2 µM of each primer, 0.25 mM of each dNTP, 10% DMSO and 0.025 U/ml of exo(-) Pfu polymerase (Stratagene, La Jolla, CA). Reactions were subjected to an initial denaturation at 98_C for 2 min, followed by 25 cycles of denaturation at 98_C for 45 s, annealing at 60_C for 1 min and elongation at 72_C for 1 min, with elongation time increasing by 4 s per cycle.
Two µl aliquots of first round PCR product were transferred to fresh reaction tubes containing 48 µl of reagents resulting in a final concentration of 20 mM Tris-HCl (pH 8.75), 10 mM KCl, 10 mM (NH 4 ) 2 SO 4 , 2 mM MgSO 4 , 0.1% Triton X-100, 0.1 mg/ml BSA, 0. 25 mM of each dNTP, 10% DMSO, 0.025 U/ml of exo(-) Pfu polymerase and 0.2 µM of the primers HD344F-Fam (Fam-CCTTCGAGTCCCTCAAGTCCTTC) and HD483R (CGGCTGAGGAAGCTGAGGAG). Secondary PCR was performed as above with the exception that elongation in the first cycle was for 1 min 30 s, increasing by 4 s for each subsequent cycle.
To amplify only the CCG tract, primer HD424F-Hex (Hex-AGCAGCAACAGCCGCC) was used instead of HD344F-Fam in the secondary reaction, using a separate aliquot of the primary reaction product.
Nested PCR products were analyzed on agarose minigels to check for successful amplification and to distinguish normal alleles from IAs. One-fifth of the reaction products were loaded onto 2.5% agarose, 0.5× TBE gels containing 0.1 µg/ml ethidium bromide (or propidium iodide), then electrophoresed at 7.5 V/cm for 45 min prior to UV visualization.
For precise sizing of alleles, 0.5 µl of each sample was added to 0.5 µl of Genescan size marker (ABI) and 2 µl of a 5:1 formamide:loading buffer mix.
After denaturation at 94_C for 2 min, sample mixes were electrophoresed across a 5% polyacrylamide, 7 M urea gel in an ABI 377 fluorescence gene scanner for 2-3 h. Collected data were analyzed using the Genotyper 1.1 software (ABI).
In order to control for any PCR contamination, we included four no-sperm control wells on each 96-well microtiter plate. Contamination was evident in a control well only very rarely, and no data from the particular plate was included. However, it cannot be determined if the normal sized alleles (17) (18) (19) observed in the sperm of individual #2 represent true contractions from the IAs, or are in fact contaminants which did not affect the negative controls.
Any well with more than one allele was also excluded from further analysis. Such multiple alleles can arise if there is an error such as PCR slippage during the initial 1-4 PCR cycles, contamination or multiple sperm in the same well. We considered the impact of a potential low level contamination or errors due to PCR artifacts to be similar for all four alleles studied here, thus allowing comparisons of allele size changes.
Assessment of CAG size
The size of each IA was first determined on DNA derived from lymphocytes (10) and standardized against markers of known sequence and with CAG sizes of 15, 24, 30, 35, 40, 47 and 64 repeats. The mutation frequency and direction of the mutation (expansion or contraction) was assessed by comparing the size of single sperm PCR products with the allele size from the same lymphocyte DNA ( Table 1 ). The affected range is defined as CAG size seen in persons clearly diagnosed with the clinical manifestations of HD (6,7) ( Table 1) . A total of 1160 sperm were analyzed. For individual #2, CCG analysis was also done on single sperm to distinguish sperm carrying the CCG 7 size (IA NM34(36) ) from sperm with CCG 10 size (IA GP31(33) ) ( Table 1 ) (14) .
Sequence analysis
PCR products spanning both the CAG and CCG repeats were cloned into Invitrogen PCRII-vector and subjected to automated sequence analysis using an ABI 373A DNA sequencer using dye Terminator cycle sequencing.
Haplotype analysis
Two intragenic polymorphic markers, ∆2642 (15) and CCG (14) , were used to construct haplotypes where phase could be determined by pedigree studies.
